The post-translational modification of protein by acetylation has been emerging as a prevalent modification in enzymes that catalyze intermediary metabolism. However, the dynamics of protein acetylation during adipocyte differentiation that involves a major shift in cellular metabolism is not known. In this study, we investigated the temporal changes in acetylation during adipocyte differentiation. Almost all acetylated proteins identified showed a sequential change in acetylation during the differentiation process. While the majority of the acetylated proteins showed a sequential upregulation during adipocyte differentiation, in a few proteins a sequential downregulation of protein acetylation was also observed. Our findings suggest that a wide-ranging temporal change in protein acetylation occurs during adipocyte differentiation including differentially expressed proteins signifying an important role in adipocyte differentiation.
The acetylation of the ε-NH 2 of lysine residues in proteins has emerged as a key post-translational modification in cellular regulation mainly through the modification of transcription regulators and histones. 1 In addition, recently lysine acetylation has been found as a prevalent post-translational modification in proteins involved in intermediary metabolism and majority of the enzymes involved in glucose and fatty acid metabolism have been identified to be acetylated in human liver tissue. 2 Furthermore, chemically distinct histone deacetylase (HDAC) inhibitors have been shown to prevent adipocyte differentiation. 3 Similarly, overexpression of NAD-dependent deacetylase sirtuin-2 (SIRT2) has been found to suppress adipocyte differentiation. 4, 5 It has been shown that SIRT2 mediated suppression of adipocyte differentiation involves the deacetylation of forkhead box protein O1 (FOXO1) and the repression of peroxisome proliferator-activated receptor gamma (PPARc) activity, a critical transcription factor in adipocyte differentiation. 4, 5 It has been suggested that SIRT2 that acts as an important regulator of adipocyte differentiation through modulation of FOXO1 acetylation/phosphorylation and activity may play a role in controlling adipose tissue mass and function. 4 In addition to PPARc, transcription factor CCAAT/enhancer binding protein β (C/EBPβ) has an important role in adipocyte differentiation. 6 Acetylation and deacetylation regulate C/EBPβ in mediating gene transcription. 7 Acetylation of C/EBPβ at a specific lysine residue is an important regulatory event that contributes to its ability to transactivate target genes, including those associated with adipocyte differentiation and function. 7 Collectively, these studies point toward an important role of lysine acetylation in the regulation of proteins involved in adipocyte differentiation. Furthermore, this would suggest that protein acetylation is tightly regulated during the differentiation process as forced alteration in protein acetylation (either through HDAC or SIRT2) leads to impaired adipogenesis. However, the temporal changes in lysine acetylation during adipocyte differentiation that is marked by the upregulation of a number of transcription factors and involved a significant shift in cellular metabolism is not known.
Moreover, several studies have successfully exploited twodimensional (2-D) gel electrophoresis in combination with mass spectrometry to identify differentially expressed proteins during adipocyte differentiation. [8] [9] [10] [11] [12] There is no doubt that such studies have revealed the identity of a number of proteins involved in adipocyte differentiation including metabolic enzymes, mitochondrial proteins and transcription factors. [6] [7] [8] [9] [10] [11] [12] However, no careful attention has been made to decipher that the altered protein spots identified on the 2-D gels represents only the differentially expressed proteins or also represents protein isoforms as a consequence of post-translational modification in proteins. For example, metabolic enzymes, mitochondrial proteins and transcription factors that are known to play a critical roles in the differentiation process are regulated through post-translational modifications such as phosphorylation and acetylation. 10, 13 Such modifications may alter protein stability and function, translocation to different cellular compartments and protein-protein interaction. Protein modification by phosphorylation is known to alter the pI of the substrate protein. 1 In addition to phosphorylation, protein modification by acetylation has been recently reported to be a widespread modification among enzymes involved in intermediary metabolism. 2 Since lysine side chains are cationic at physiological pH, ε-NH 2 acetylation will quench the positive charges resulting in alterations in the pI of proteins.
14 It is highly likely that differential protein spots on a 2-D gel also represents protein isoforms produced as a result of various posttranslation modifications of proteins during the differentiation process including protein modification by lysine acetylation. Given the considerable increase in obesity and obesity-associated diseases worldwide, it is necessary to understand the molecular basis of adipocyte differentiation and its control. In this study we have explored the temporal change in protein acetylation during adipocyte differentiation using 3T3-L1 preadipocytes as a model cell line and a combination of proteomic approaches.
To determine the dynamics of protein acetylation during adipocyte differentiation, 3T3-L1 cells were first grown in a preadipocyte growth medium and subsequently in the differentiation medium (PromoCell GmBH) containing insulin (0.5 mg/ml), dexamethasone (400 ng/ml) and isobutylmethylxanthine (44 mg/ml) for 72 h. Subsequently adipocyte differentiation was followed in the nutrition medium (PromoCell GmBH) as per the manufacturer's protocol. The adipocyte differentiation was followed for eight days. Each day during the differentiation process, cells were processed for oil-red-O staining and photomicrography to monitor the differentiation process (Fig. 1A) . 15 Cell lysates prepared at each time point were analyzed by SDS-PAGE followed by immunoblotting using anti-lysine acetylation specific antibody (Cell Signaling Technology). Almost all acetylated protein bands identified showed sequential changes in acetylation during the differentiation process (Fig. 1B) . While majority of the acetylated proteins showed a sequential upregulation during adipocyte differentiation, in a few cases a sequential downregulation in protein acetylation was also observed (Fig. 1B) . In general, the downregulation in protein acetylation was observed during the early phase (days 1-4) of the differentiation process whereas the upregulation was found during the advanced phase (days 4-8) of the differentiation process (Fig. 1B) . In this context it should be noted that in an earlier report by Catalioto et al. chemically distinct HDAC inhibitors were found to prevent the conversion of preadipocytes to adipocytes at an early stage of the differentiation process. 3 This would mean that downregulation of protein acetylation is a critical step at the early stage of the differentiation program. However, in a separate study overexpression of SIRT2 that possesses NAD-dependent deacetylase activity has been shown to suppress adipocyte differentiation mediated through the deacetylation of FOXO1 and subsequent repression of PPARc activity. 5 An overexpression of SIRT2 inhibits differentiation, whereas reducing SIRT2 expression promotes adipogenesis suggesting an important role of protein acetylation in adipocyte differentiation. 4, 5 Both effects are accompanied by their corresponding changes in the expression of PPARc, C/EBPa, and genes marking terminal differentiation of adipocyte, including glucose transporter-4, adipocyte protein-2 and fatty acid synthase. 4 Moreover, the sterol regulatory element-binding proteins (SREBPs) family of transcription factors that control cholesterol and lipid homeostasis and play important roles in adipocyte differentiation has been shown to be stabilized by coactivatordependent acetylation. 16 These studies suggest that changes in protein acetylation has an important role in both the early and the advance stages of the differentiation program. Whether inverse and dynamic changes in protein acetylation during the early and the advance stages of adipocyte differentiation that we have found are associated with each other remains to be determined. Taken together our data suggest that a wide ranging and sequential change in protein lysine acetylation occurs during adipocyte differentiation signifying an important role in the differentiation process.
In addition to acetylation, post-translational modification of protein by ubiquitylation that also occur at the ε-NH 2 of lysine residue, has been emerging as an important regulatory mechanism for protein function in addition to its important role in protein degradation. 17 For example, ubiquitylation has been found to be involved in signal transduction, transcription and metabolism. 18 Furthermore, a large scale mapping of site specific acetylation and ubiquitylation in proteins have revealed a number of common sites in a wide range of proteins. 2, 17 This would mean that in a number of sites in a variety of proteins acetylation and ubiquitylation occurs in a mutually exclusive manner. For example, the acetylated residue in SREBP1a is also regulated by ubiquitylation, and acetylation inhibits this process. 16 To explore whether dynamic changes in protein acetylation that we have found during adipocyte differentiation also involve concurrent changes in ubiquitylation, membranes were stripped and reprobed with anti-ubiquitin antibody (Cell Signaling Technology). Similar to changes in protein acetylation, a number of proteins were detected showing both the upregulation and the downregulation of ubiquitylation during adipocyte differentiation (Fig. 1B) . A comparison of the acetylation and ubiquitylation immunoblots indicated a wide-ranging putative association between these two modifications (Fig. 1B) . It is possible that acetylation/ubiquitylation balance can control the lifetime of proteins and their functional consequences during the differentiation process.
Next, we examined the functional consequence of SIRT2 specific inhibitor (AGK2, Tocris Bioscience) on protein acetylation during adipocyte differentiation (Fig. 2 ). An apparent increase in acetylation was observed only in a few proteins suggesting involvement of multiple acetate cycling enzymes during adipocyte differentiation. Interestingly acetylation was also found to be downregulated in some proteins (corresponding to molecular masses of prohibitin and aconitase 2 as identified by mass spectrometry) most likely due to downregulation of protein level itself. To confirm this, membranes were reprobed with prohibitin and aconitase 2 specific antibodies. Both proteins were found to be downregulated during the advance stage of the differentiation process suggesting that sequential changes in protein acetylation during adipocyte differentiation has a role in the regulation of differentially expressed proteins.
Using a combination of proteomic approaches, a number of proteins have been identified that are differentially expressed during adipocyte differentiation. [8] [9] [10] [11] [12] However, it is not clear whether differentially expressed protein spots identified using 2-D gel analyses represent only differentially expressed proteins or also include protein isoforms that are produced during the differentiation process as a result of post-translational modifications. A careful examination of sequential changes in protein acetylation during adipocyte differentiation appears to indicate formation of protein isoform most likely as a result of changes in posttranslational modification in them (Fig. 1B) . Such changes may Figure 2 . Effect of SIRT2 inhibitor on protein acetylation during adipocyte differentiation. Differentiation of 3T3-L1 preadipocytes into adipocytes was followed (as described in Fig. 1 ) in the presence and absence of SIRT2 specific inhibitor AGK2 (20 nM). Cell lysates were prepared at different time points and equal amount of total proteins (30 mg/lane) were analyzed by immunoblotting using anti-lysine acetylation specific antibody. Membranes were reprobed with anti-prohibitin and anti-aconitase 2 specific antibodies. Representative immunoblots of three different experiments are shown.
involve acetylation alone or simultaneous changes in protein phosphorylation, as acetylation and phosphorylation in proteins are known to influence each other. 1, 14 For example, phosphorylation is known to stimulate acetylation in histones, p53 and nuclear factor kB emphasizing a temporal hierarchy to waves of such post-translational modifications. [19] [20] [21] Similarly, recruitment of p300/CBP is enabled by phosphorylation, and once recruited, p300/CBP can then acetylate the substrate protein. 22 To explore whether changes in protein acetylation during adipocyte differentiation generates protein isoforms, cell lysates prepared from preadipocytes (day 0) and adipocytes (day 8) were analyzed by 2-D gel electrophoresis and immunoblotting using anti-lysine acetylation antibody. 23 Multiple series of protein spots were identified on the immunoblot of proteins prepared from adipocyte indicating the formation of protein isoforms (Fig. 3A) .
To further confirm this, membranes were reprobed with antiprohibitin antibody as prohibitin is known to undergo posttranslational modification by acetylation and phosphorylation as well as upregulated during adipocyte differentiation. 15 ,24,25 Indeed a series of prohibitin spots were identified matching acetylation spots suggesting formation of prohibitin isoforms during adipocyte differentiation (Fig. 3B) . Acetylated protein isoforms observed during adipocyte differentiation may be produced due to a series of acetylation or subsequent phosphorylation as a result of acetylation in proteins. In this way acetylation alone or in combination with phosphorylation may play an important role in the regulation of protein function and in protein-protein interaction during adipocyte differentiation. For example, acetylated lysine side chains can be specifically recognized by bromodomains in partner proteins. To determine the identity of proteins having altered acetylation during the adipocyte differentiation, identical spots were excised in an overlay from Coomassie stained gels and processed for protein identification by mass spectrometry. 23 In addition, differentially expressed proteins in preadipocytes (day 0) and adipocytes (day 8) were also excised from Coomassie stained 2-D gels and processed for identification by mass spectrometry. 23 A number of mitochondrial proteins and metabolic enzymes were identified in both cases (i.e., differentially expressed and differentially acetylated; Tables 1  and 2 ). However, one of the limitations of our strategy used in this study is relatively low number of acetylated proteins identified as no enrichment methods have been applied for the acetylated proteins. This may be the reason why only abundantly expressed metabolic enzymes/proteins are identified and not the transcription factors known to be upregulated during adipocyte differentiation. Interestingly, some of the proteins (heat shock protein 60, glycerol-3-phosphate dehydrogenase 1, chaperonin containing Tcp1, transaldolase 1, aldo-keto reductase family 1 member B3, prohibitin, enolase 1, aconitase 2, fructose biphosphate aldolase A and voltage-dependent anion channel 2) were identified in both cases (Tables 1 and 2 ) confirming that post-translational modifications during adipocyte differentiation contributes to the repertoire of differentially expressed proteins detected using 2-D gel electrophoresis. In addition, this would indicate that some of the differentially expressed proteins are regulated by acetylation during the differentiation process. As metabolic enzymes and mitochondrial proteins play an important role in adipocyte differentiation, 15, 27 this would indicate that the net result of the upregulation of protein acetylation during adipocyte differentiation is to enhance the function and the stability of protein components important for metabolic shift and mitochondrial activity. Interestingly among metabolic enzymes, a number of enzymes involved in amino acid metabolism are also identified in addition to enzymes involved in carbohydrate and lipid metabolism ( Tables 1 and 2 ). As cellular metabolism in adipocyte is concerted toward the biosynthesis of lipid and intermediary metabolites can be utilized through anaplerotic process this would imply that enhanced lipogenesis during the differentiation process involves a substantial shift in both glucose and amino acid metabolism.
To further validate the temporal upregulation in protein acetylation during adipocyte differentiation, prohibitin was immunoprecipitated at different time point during the differentiation process and analyzed by immunoblotting using antiacetylation antibody. A sequential upregulation in prohibitin acetylation along with protein upregulation was found during adipocyte differentiation (Fig. 4) . Next we search the known modification status (especially acetylation and ubiquitylation) of each protein identified by mass spectrometry using PhosphoSitePlus 1 -a curated database of commonly occurring known modifications in proteins. 28 Interestingly, almost all proteins identified in this study are known to undergo acetylation and ubiquitylation and majority of them contain site(s) that have been reported to undergo both acetylation and ubiquitylation ( Tables 1 and 2 ). This would suggest that in a number of proteins these two modifications occur in a mutually exclusive manner on certain sites which may explain the inverse association between acetylation and ubiquitylation during adipocyte differentiation. However, the inverse association as a result of acetylation and ubiquitylation at two distinct residues may not be ruled out. Similarly direct correlation between increased acetylation and ubiquitylation would indicate involvement of modifications at two different residues. Collectively this would indicate that interplay between acetylation and ubiquitylation may occur during adipocyte differentiation. In summary, our findings suggest that a sequential modification in protein lysine acetylation occurs in a number of proteins during adipocyte differentiation including differentially expressed proteins indicating an important role in the regulation of the differentiation program. Moreover, our data suggest that a sequential deacetylation in a few proteins occurs mainly at the early stage of the differentiation program whereas in majority of them acetylation is upregulated during the advance stage of the differentiation program. Whether chronological changes in protein deacetylation and acetylation during different stages of adipocyte differentiation are associated with each other remains to be determined and warrants further investigation.
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